We propose a generator coordinate method as a numerically tractable alternative to the resonating group method for treating the composite particle reaction and for the study of the molecular model of nuclear structure. Adopting the wave function used by Margenau and Brink in their a particle model as a trial function the problem of the relative motion between composite particles is discussed. We give a method of transformation of the generator function to the wave function of the relative motion, and show that the solutions of the generator coordinate method include that of the resonating group method in the interaction region. To obtain the scattering amplitude we present the formulation which uses the boundary condition constraint method. As an example our procedure is applied to the phase shift calculation of the a-a scattering case, and good agreement with experiment is obtained showing the utility of our method. We also discuss that the idea of the density localization in the molecular model can be adequately formulated in this method, using the fact that this method has a direct connection with the concept of intrinsic deformation. Some quantitative analyses are given of the a: particle widths of 8 Be by our method of generator coordinates, providing the evidence of the molecule-like structure of this nucleus.
We propose a generator coordinate method as a numerically tractable alternative to the resonating group method for treating the composite particle reaction and for the study of the molecular model of nuclear structure. Adopting the wave function used by Margenau and Brink in their a particle model as a trial function the problem of the relative motion between composite particles is discussed. We give a method of transformation of the generator function to the wave function of the relative motion, and show that the solutions of the generator coordinate method include that of the resonating group method in the interaction region. To obtain the scattering amplitude we present the formulation which uses the boundary condition constraint method. As an example our procedure is applied to the phase shift calculation of the a-a scattering case, and good agreement with experiment is obtained showing the utility of our method. We also discuss that the idea of the density localization in the molecular model can be adequately formulated in this method, using the fact that this method has a direct connection with the concept of intrinsic deformation. Some quantitative analyses are given of the a: particle widths of 8 Be by our method of generator coordinates, providing the evidence of the molecule-like structure of this nucleus. § 1. Introduction Various investigations of light nuclei in recent years have confirmed that the a-like four-body correlation plays an important role and many experimental anomalies have been interpreted from this viewpoint. 1 ) , 2 ),s)
In particular the author and others have pointed out that in the self-conjugate 4n-nuclei there are many states which show an enhanced effect of this correlation and are adequately termed to have the molecule-like structures. 4 ) ' 17 ) It is also pointed out that the appearances of these molecule-like structures show a systematic dependence on the excitation energy. 4 ) One of the most important ways of understanding the mechanism of these phenomena is to obtain knowledge from the viewpoint of the relative motion between clusters which compose these structures.
On the other hand the experiments using heavy ions have become more and more popular and many interesting experimental data have been accumulated. 5 ) Actually most of the states which we consider have the molecule-like structures are found as the resonances of the heavy ion reactions. In this region of scattering problem it is also urged to obtain a method to treat the relative motion between complex nuclei, and many attempts have been made for this purpose. veloped using the resonating group method. 6 ) ' 12 ) The most crucial defect of this method is the increasing difficulty of calculation with the mass number, and beyond the a-a system it is almost hopeless to treat by this method.
In this paper we show that the generator coordinate method can be applied as a powerful alternative to the resonating group method because it greatly reduces the computational difficulties. As a trial wave function we adopt the wave function used by Margenau and Brink 7 ) in their a particle model calculations. We first investigate the structure of the wave function of the generator coordinate method and give the transformation formula of the weight function to the wave function of the relative motion. Thus the various quantities such as the effective potential between two clusters are easily obtained. Using this transformation formula we can prove that the solutions of the generator coordinate method include those of the resonating group method in the interaction regiOn. We then consider the scattering problem between composite nuclei. The main point of our method is to use the generator coordinate wave function in the internal region, and in order to obtain the scattering amplitude we adopt the boundary condition constraints method developed by Tobocman and others. s),
)
To test the utility of our method, application to the a-a scattering case is made and it is shown that the calculated phase shifts fit fairly well with experiment. Finally, discussions of our method of generator coordinates are given from the viewpoint of the density localization which is the important idea of the molecular model. As a quantitative illustration of our discussions we give some analyses of the a particle widths of 8 Be, providing a strong evidence of the molecule-like structure of this nucleus.
In § 2 we formulate in the case of two- 
The weight function is determined by the Hill-Wheeler integral equation 10 ) J
As is well known, energy and overlap kernels are easily calculated.
Now we suppose that we have obtained the function f(R). Then we want to obtain the relative wave function of two 16 0 nuclei from this f(R..). For this purpose we use the fact that the harmonic oscillator shell model functions cjJ(R/2; r 1 ···r 16 ) and cjJ(-R/2; r 17 ···r 3 2) can be written as 11 )
where R 1 = ~ (r1 + · · · + r16), R2 = ~ (r17 + · · · + rs2) and ¢ C 6 01) and ¢ C 6 02) represent the internal wave function of two 16 0 nuclei and v is the oscillator constant of 16 0 nucleus which is usually expressed as Mwj2h. So that (J) (R) takes the form
where RG=t(R 1 +R 2 ) is the center-of mass coordinate of the total system. Using this expression for (J) (R), we can write the eigenfunction ?f! as
From this form of ?J! the relative wave function of two 16 0 nuclei X (r) is obtained as
This is just the desired transformation formula from f(R) to X (r). As we now possess the relative wave function X (r) we can calculate any quantities desired. For example the effective interaction between two 16 0 nuclei is given
where Ji is the reduced mass of two 16 0 nuclei. This IS because the effective potential should be defined by the Schrodinger equation (9) As is well known, however, the definition of X (r) is not unique because of the existence of solutions x(i) (r) to the following equation,
This problem is discussed in detail in an excellent review article by Tamagaki. 12 )
To obtain an unambiguous answer we must use the following redundancy free wave function X (r), § 3. Relation between generator coordinate method and resonating group method (11) In order to see the relation between the generator coordinate method and the resonating group method we must know what the Hill-Wheeler equation (3) means for the relative function (7) . For this purpose we rewrite (3) using (2) as
To this equation we substitute the expressions (5) and (6) and then use the definition (7), obtaining
If we adopt as the Hamiltonian operator H the form
where Ta is the kinetic energy operator of the center of mass coordinate Ra, H has no dependence on Ra and the integrations with Ra on both sides of (13) give the same constants. Using the fact that we can drop one of the two antisymmetrization operators on each side of (13), we obtain
Multiplying both sides of this equation by eiKR' and integrating with respect to R', we can prove the following relation,
This 1s the Fourier transform of the equation
Equation (17) is just the same equation as that in the resonating group method.
Thus it is proved that the relative wave function X (r) obtained from the weight function f(R) using the transformation formula (7) satisfies the same equation as the relative wave function in the resonating group method. But it must be noted that this does not mean the whole equivalence between the generator coordinate method and the resonating group method. In the latter method there is no restriction on the functional form of X (r) in solving Eq. (17) but in the former method we seek the solution X (r) of (17) within the restricted functional form, that 1s, X (r) has a form:
It may happen that while we have a solution X (r) m the resonating group method calculation, we have no corresponding solution in the generator coordinate method just on account of the unfortunate fact that this X (r) cannot be written in the form of (18) . As a practical prescription to remedy this situation we restrict ourselves to using the generator coordinate wave function only in the interaction region. Then we can consider that the restriction on the functional form by Eq. (18) does no harm and two methods may be regarded as equivalent in solving the internal behaviour of the relative wave function. Now we will try in a little more detail to compare the two methods. To this end we first notice the following fact. That is, in the interaction region it is important to take into account the effect that sizes of constituent clusters are different from that in the free states of the clusters. Adopting the size parameters as the generator coordinates besides the relative distance parameters we can treat in more natural way than the resonating group method this dynamical effect especially when it means the collective mode of motion. In this sense, we may say that the solutions of the generator coordinate method cover wider range than that of the resonating group method. On the other hand, as is clear from the discussions of this section, directly applicable cases of our procedure are limited to the systems which are composed of the clusters with the same value of oscillator constant. So we need appropriate approximations case by case when we treat the systems composed of different kinds of clusters.
This IS the senous shortcoming of our device compared with the resonating group method.
So far in § § 2 and 3 we have discussed two-cluster system, but it is easy to show that we can derive the same conclusions in the systems composed of more than two clusters. § 4. Calculation of scattering amplitude
As is discussed in the previous section, we use the generator coordinate method in the interaction region. So, in order to obtain the scattering wave function in the whole region of configuration space, it is necessary to connect this inside wave function with the outside wave function which is entirely determined by the asymptotic boundary conditions and the energetics of the situation. This sort of problem has been studied by many authors 8 ),g),Is) and vanous methods are now available. In this paper we add nothing new to this kind of problems of reaction theories, but we instead utilize this R-matrix type of theories in order to show that our method of generator coordinates is a promising one in describing composite particle reactions.
Usually in these theories shell model wave functions are assumed to be used in the internal region. We therefore need only to replace the shell model wave functions by our wave functions of generator coordinates. In this section we practice this replacement adopting the boundary condition constraint method by Tobocman and Nagarajan 8 ) and in the next section we apply the formulae here obtained to the a-a scattering problem. Equation (37) of Tobocman and Nagarajan is their formula for the scattering matrix, and the information from the inside-region of configuration space is entirely contained in the Green function G = 1/ (E-H). Now we give an explicit representation of this G using the generator coordinate wave functions.
We first construct the approximate eigenfunctions (19) by the Hill-Wheeler equation (20) . (19) (20) where {3 represents a set of generator coordinates. Instead of the integral combination like Eq. (2), here we have taken a finite linear combination of the trial wave functions for the sake of practical calculation. Then Green function is approximated as follows: where The internal wave function is given by
where
d=Z(E)u-v.
These formulae will be used in the next section. § 5. Application to a-a scattering 2. 
where the z axis is chosen so as to connect the centers of the two a particles, Ly is the y component of the total orbital argular momentum operator, and fJn is the polar angle of vector R. We note in this equation that the projection of the total angular momentum is equal to that of the angular momentum for the relative motion, as is expected. Five trial wave functions are used in this equation (25), the parameters R of which are 0.5, 1.5, 2.5, 3.5 and 4.5 fm. To solve the inside behaviour of the wave function, we make use of the V olkov interaction 15 ) as the two-body force, and then the total Hamiltonian reads as follows:
(26) V = (0.4 + 0.6Px) (-60e-cr;1.so) 2 + 60e-cr;1.ol) 2 ) .
(27) Figure 1 shows the diagonal element of the energy kernel !/{. Figures 2  and 3 give for the L = 0 case some non-diagonal elements of the overlap kernel ']7 and the ratio of the energy to the overlap kernel. Calculated phase shifts are compared with the experimental ones in Fig. 4 for the three cases where the channel radius a is chosen to be 4.0, 4.5 and 5.0 fm. We see from these results that by choosing an appropriate channel radius, we can reproduce fairly good experimental results and thus the utility of our method has been demonstrated.
In Fig. 5 the relative wave functions for the channel radius a= 4.5 fm are shown at the laboratory energies 2.0 and 28.9Me V. Comparing them with the results of the resonating group method in references 12), we can see that our wave functions exhibit almost the same inside region behaviour. Detailed comparison shows, however that the disagreement exists for L = 2 and 4 waves of laboratory energy 2.0 MeV at the point of the channel radius r=a. The reason why this disagreement does not affect the phase shifts lies in the fact that in this low energy region between 0/"'../4 MeV, the regular Coulomb functions with L = 2 and 4 are much smaller than the irregular ones and so the phase shifts calculated by Eq. (22) are almost zero, irrespective of the values of the logarithmic derivatives Z (E). Except this, the agreement with the resonating group method is very good for all the energy ranges as is seen, for example, from the other figures in Fig. 5 .
Obtaining the relative wave functions we can easily calculate the effective potentials. But we do not give them in this paper because they will be the same as the potentials of references 12) as a result of the agreement of the wave functions. § 6. Discussion from the viewpoint of density localization As mentioned in § 3, our method leads to almost the same results as the resonating group method and so its application to both the bound-state and scattering-state problems shares the same basic philosophy with the latter. Then, one of the main purposes of our method is to serve as an alternative which enable us to make practical calculations based on the viewpoints of the resonating group method especially when we treat the heavy cluster systems. However, the merit of our method should not be restricted only to the feasibility of the calculations. It lies also in obtaining the deeper understanding of the system from the structural viewpoints. We are going to discuss this point in the case of a-16 0 system. As is well known, the low energy scattering of a particle on 16 spectively. When we treat this model, we can, of course, work using the resonating group method, but in view of the connection with the concept of the intrinsic structure or intrinsic deformation which plays an important role in this model as mentioned above, we are naturally led to the generator coordinate method in which we construct the wave function by superposition of the intrinsic wave functions with the parameter R of the relative distance between 16 0 and a. Just the same argument holds true also in the a-a system, where we have the large a particle widths and rotational series of resonance energies.
14 > Therefore we should investigate further in quantitative fashion the above mentioned character of our method in this simple and representative a-a system using the calculations in the previous section. The eigenfunctions belonging to the lowest eigenvalues of the Hill-Wheeler equation calculated in the previous section can be considered to represent the approximate resonance states. We present the lowest eigenvalues in Table I in their di-spherical potential model. One of the most important experimental checks of this idea of the density localization is obtained from the information of the particle widths. In Table II we give the reduced a particle widths of our wave functions of Fig. 6 ::rB,., ~.
-LOrv::~ 5 alfml This figure can also be regarded as the relative wave function of the a particles when this is divided by va. we see from this figure that the reduced width amplitude of this su3 wave function is more than ten times smaller than the experimental one and so it is almost hopeless to remedy this discrepancy even if we rectify the well-known deficiencies of this wave function such as the Gaussian behaviour of the tail and normalization in the internal region, etc. The characteristic feature of the density localization of our wave functions can be seen explicitly from the viewpoint of the molecular orbits and the reader may refer to reference 21) where the Brink wave function is also investigated from this point. To obtain a more unambiguous conclusion, we need to perform the calculation which takes correct account of the resonance boundary condition at the channel radius, and shall report elsewhere.
From the foregoing discussions, we may say that the most suitable application of our method of the generator coordinates is to the system whose dominant feature is determined by the collective modes of motion of the constituent clusters such as rotation, vibration, volume oscillation and so on. In the heavy ion reaction case this collective feature in the reaction process has been emphasized by Morinaga 24 ) in his "collective model theory of nuclear reactions", and by Michaud and V oge 5 ) for the 12 C-12 C reaction process. We can expect that our method will be usefull to formulate these collective features of the heavy ion reaction. ment and helpful comments. Also his thanks are due to Prof. H. Tanaka, Prof. R. Tamagaki 
